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Uremic toxins of organic anions up-regulate PAI-1 expression by When renal function deteriorates to a critical level, ir-
induction of NF-B and free radical in proximal tubular cells. reversible progression to end-stage renal failure (ESRF)
Background. Uremic toxins have been suggested to promote is almost inevitable regardless of the primary disease.progression of chronic renal failure. We have shown that or-
Existence of a common mechanism that leads to ESRFganic anion transporter-mediated uptake of uremic toxins in-
has been speculated in progressive renal diseases. Ele-duces oxidative stress in opossum kidney renal tubular cells over-
expressing the transporter. Plasminogen activator inhibitor-1 vated serum levels of uremic toxins are well documented
(PAI-1) and nuclear factor-kappa B (NF-B) are major factors as the common phenomenon accompanying the progres-
known to promote tubulointerstitial fibrosis. The present study sion of renal disease. Removal of uremic toxins by perito-examined the signaling pathway that is activated by uremic
neal dialysis or oral charcoal adsorbent attenuates thetoxins to induce PAI-1 and activate NF-B in human renal
progression of chronic renal disease in both clinical andproximal tubular cells (HK-2).
Methods. Uremic toxins in the form of organic anion were experimental conditions [1–5]. These reports suggest that
examined their ability to induce oxidative stress, PAI-1 gene circulating uremic toxins may be related to the common
expression, and NF-B activation in HK-2. PAI-1 expression
mechanism that leads to ESRF.was measured by enzyme-linked immunosorbent assay (ELISA)
Since elevated serum level of indoxyl sulfate, an en-and the Northern blotting. Human PAI-1 promoter activity
was estimated by luciferase reporter gene (NKB-luc) assay. dogenous organic anion, in patients with chronic renal
NF-B activation was measured by the pNFB-luc reporter failure is reduced by treatment with peritoneal dialysis
gene and electrophretic gel mobility shift assay. or oral adsorbent, this molecule is considered to be one
Results. Among organic anion species tested, indoxyl sulfate
of the uremic toxins that promote renal injury [5, 6].and indoleacetic acid induced free radical production in HK-2.
Moreover, administration of indoxyl sulfate or its precur-A nonspecific transporter inhibitor (probenecid) suppressed
the IS-stimulated radical production. Indoxyl sulfate and in- sor indole accelerated the progression of renal disease
doleacetic acid dose dependently increased the expressions of in rats [7, 8].
PAI-1 mRNA and protein in these cells. The luciferase reporter We recently reported that uremic toxins of organicgene assay revealed that indoxyl sulfate and indoleacetic acid
anion species present in the serum of patients with pro-dose dependently activated NF-B and PAI-1 promoter. Acti-
gressive renal disease damage proximal tubular cells viavation of NF-B was also confirmed by an electrophoretic gel
mobility shift assay. Both antioxidant and NF-B inhibitors organic anion transporter (OAT)-mediated uptake [9].
dose dependently inhibited the activation of PAI-1 promoter OAT1 and OAT3-mediated uptake of indoxyl sulfate
by indoxyl sulfate.
and indoleacetic acid by renal tubular cells has also beenConclusion. Uremic toxins induce free radical production by
reported by other investigators [10, 11]. Indoxyl sulfaterenal tubular cells and activate NF-B which, in turn, up-regulates
PAI-1 expression. Thus, progression of chronic renal failure may and indoleacetic acid dose dependently promote produc-
be promoted by PAI-1 up-regulation induced by uremic toxins. tion of free radicals in proximal tubular cells [opossum
kidney (OK)] transfected with human OAT1. Oxidative
stress was increased in a remnant kidney model [12, 13].Key words: uremic toxins, proximal tubular, oxidative stress, NF-kB,
PAI-1, renal fibrosis. Increased oxygen radicals in nephron have been pro-
posed to cause tubulointerstitial injury and progressionReceived for publication May 29, 2002
of chronic renal disease. Activation of nuclear factor-and in revised form September 29, 2002, and November 21, 2002
Accepted for publication November 13, 2002 kappa B (NF-B) has been observed in cells exposed to
oxidative stress [14]. The activation of NF-B has been 2003 by the International Society of Nephrology
1671
Motojima et al: Uremic toxins induce PAI-1 expression1672
shown to associate with tubulointerstitial fibrosis [15]. Assessment of cellular oxidative stress
Tubulointerstitial fibrosis correlates well with the out- Cellular oxidative stress was assessed by the method
come of patients with chronic renal failure [16]. How- described previously [9]. The HK-2 cells were seeded in
ever, the precise mechanism of uremic toxins to cause a 96-well tissue culture plate at a density of 2 103 cells/
progression of interstitial fibrosis is not known. well. After incubation for 3 days, the cells were washed
In the present study, we focused on the regulation of with 100 L D-PBS containing 5 mmol/L d-glucose and
PAI-1 expression by uremic toxins. An induction of PAI-1 20 mol/L dihydrofluorescein diacetate and an indicated
has been demonstrated to be related to the progression amount of uremic toxins was added to each well. The
of renal disease [17]. Increased expression of PAI-1 fluorescence was measured by a fluorescence plate reader
mRNA has been reported in experimental models of (Spectromax GEMINI XS, Molecular Devices, Sunny-
glomerulonephritis and tubulointerstitial fibrosis. Pro- vale, CA, USA) at Ex 485 nm and Em 538 nm at 0
gression of interstitial fibrosis after unilateral ureteral minute and 60 minutes, respectively. Incubation of in-
obstruction is slow in PAI-1–deficient (/) mice [18]. doxyl sulfate or indoleacetic acid and dihydrofluorescein
These observations suggest a critical role of PAI-1 in diacetate in a well without HK-2 showed no change in
the development of renal fibrosis. fluorescence. In each experiment, menadione (100
We examined the effects of uremic toxins on PAI-1 mol/L) was used as a positive control.
expression in human renal proximal tubular epithelial Free radical species produced by HK-2 were measured
cells (HK-2) and attempted to identify the signaling path- by electron paramagnetic resonance (EPR) analysis as
way that is activated by uremic toxins to up-regulate follows. Two days after seeding, the cells were washed
PAI-1 expression. with D-PBS and incubated in the same solution con-
taining 5 mmol/L d-glucose for 30 minutes at room tem-
perature. Then, the cells were incubated in 600 L ofMETHODS
D-PBS containing 5 mmol/L d-glucose and various con-Reagents
centrations of indoxyl sulfate or indoleacetic acid at 37C
Hippuric acid, probenecid, indoleacetic acid, p-hydro-
for 1 hour. At the end of incubation, 30L of 300mol/L
xyphenylacetic acid, and Dulbecco’s phosphate-buffered
DMPO, a spin trap agent, was added and incubated forsaline (D-PBS) were purchased from Nacalai Tesque
another 10 minutes. Then, the medium was studied for(Kyoto, Japan). Beta-aminoisobutylic acid was purchased
EPR spectrum by an EPR spectrometer (JES-REX,from Tokyo Kasei (Tokyo, Japan), Keratinocyte-SFM
JOEL Co., Ltd., Tokyo, Japan) as previously describedmedium from Life Technologies (Rockville, MD, USA),
[19]. Briefly, 130L of sample was transferred to a quartzTakara Taq was purchased from Takara (Tokyo, Japan)
EPR sample tube and the spectrum was obtained byand original TA cloning kit was purchased from Invitro-
the following settings: microwave frequency 9.40 GHZ,gen (Carlsbad, CA, USA). Oligonucleotides were syn-
microwave power 8.0 mW, time constant 0.1 msecond,thesized by Nihon Bio-Service (Saitama, Japan). DC pro-
sweep time 60 seconds, center field 335.7 mT, scan rangetein assay kit was purchased from Bio-Rad (Hercules,
5 mT, modulation frequency 100 kHZ, field modulationCA, USA), dihydrofluorescein diacetate from Molecular
width 0.063 mT, and receiver gain 500.Probe (Eugene, OR, USA), TintElize PAI-1 from Bio-
pool International (Ventura, CA, USA), and RNeasy mini Cellular uptake of indoxyl sulfate and
kit from Qiagen (Valencia, CA, USA). Digoxigenin
indoleacetic acid
(DIG) detection and DIG-gel shift kits were from Roche
Cellular uptake of uremic toxins was estimated by theDiagnostics (Mannheim, Germany). Vectors (pGL3-basic,
method described in our previous study [9]. HK-2 cellspRL-TK, and pNFB-luc) and dual-luciferase assay kit
were seeded in a 6-well tissue culture plate at a densitywere purchased from Promega (Madison, WI, USA). In-
of 5 105 cells/well. Two days after seeding, the cellsdoxyl sulfate, guanidinosuccinic acid, N-acetyl-cysteine,
were washed with D-PBS and incubated in the sameprobucol, pyrrolidine dithiocarbamate, sodium salicy-
solution containing 5 mmol/L d-glucose for 30 minuteslate, fibrinogen, and other reagents were purchased from
at room temperature. Then, the cells were incubated inSigma Chemical Co. (St. Louis, MO, USA). 5,5-dimethyl-
1 mL of D-PBS containing 5 mmol/L d-glucose, 1 mmol/L1-pyrrolyne-N-oxide (DMPO) was from Labotech (Aki-
indoxyl sulfate or indoleacetic acid at 37C for a givenshima, Japan).
time. The transport was terminated by three washings
Cell culture with ice-cold D-PBS. The cells in each well were ex-
tracted with in 500 L of methanol. The amount ofHK-2 cells were obtained from the American Type
indoxyl sulfate or indoleacetic acid in the cellular extractsCulture Collection (CRL-1840, Manassas, VA, USA)
(10 L) was determined by high-performance liquidand were grown in keratinocyte-SFM medium in an
atmosphere of 5% CO2, 95% air at 37C. chromatography (HPLC) analysis.
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p-Aminohippuric acid transport assay cells were washed with D-PBS and incubated in keratino-
cyte-SFM medium containing indicated amount of ure-The HK-2 cells were seeded in 24-well tissue culture
mic toxins for 3 hours. Total RNA was isolated usingplates at a cell density of 2 104 cells/well. Two days
the RNeasy mini kit according to the manufacturer’safter seeding, the cells were washed with D-PBS and
instruction.incubated in the same solution containing 5 mmol/L
An 877 bp fragment of rat PAI-1 cDNA and a 476 bpd-glucose for 30 minutes at room temperature. Then,
fragment of rat -actin cDNA were labeled with DIGthe cells were incubated in 200 L of D-PBS containing
and used as probes for Northern blotting as described5 mmol/L d-glucose, 10 mol/L D-[3H]mannitol, and 10
previously [20]. Total RNA (10 to 20 g) was fraction-mol/L [14C]PAH for 10 minutes at room temperature.
ated by electrophoresis on a 1% agarose gel. The RNAThe transport was terminated by washing with ice-cold
was then transferred from the gel to a nylon membraneD-PBS (repeated three times). The cells in each well
and immobilized by ultraviolet cross-linking. The mem-were dissolved in 300 L of 0.2 N sodium hydroxide;
brane was prehybridized for 3 hours. Hybridization wasand 250 L of the cell lysate was used for radioactivity de-
then performed in a solution containing denatured DIG-termination by a scintillation counter (Tri-Carb 2700TR,
labeled probe at 42C for 16 hours. After hybridization,Packard, Meriden, CT, USA). Extracellular trapping and
the membrane was washed twice with 1  standard so-nonspecific uptake were obtained from the radioactivity
dium citrate (SSC) containing 0.1% sodium dodecyl sul-of nontransportable D-[3H]mannitol. Protein concentra-
fate (SDS) at room temperature for 15 minutes and thentions in the cell lysate were determined using a DC pro-
washed twice with 0.2  SSC containing 0.1% SDS attein assay kit (Bio-Rad).
42C for 15 minutes. The hybridized probe was detected
using the DIG detection kit according to the manufactur-Assessment of immunoreactive PAI-1 antigen
er’s instruction.HK-2 cells were seeded in 24-well tissue culture plates
at a cell density of 2 104 cells/well. Two days after Luciferase reporter gene assay
seeding, the cells were washed with D-PBS and incu-
The human PAI-1 promoter spanning 807 to 58bated in keratinocyte-SFM medium containing indicated
bp of the transcription initiation site was cloned by poly-
amount of uremic toxins for 24 hours. The medium was
merase chain reaction (PCR) from human genomic
collected for the assessment of PAI-1 antigen. After wash-
DNA. The following primers were used to amplify PCR
ing with D-PBS for three times, the cells in each well fragments, forward primer: 5	-AAGCTTTTACCATG
were dissolved in 300 L of 0.2 N sodium hydroxide to GTAACCC-3	 and reverse primer: 5	-GAGGGGGGC
determine protein content. The amount of immuno- GTGTGGGTCTTCTTGA-3	. The PCR product was li-
reactive PAI-1 antigen was determined by TintElize gated into the TA cloning vector and sequenced to verify
PAI-1 according to the manufacturer’s instruction and the PCR product. PAI-1 promoter-reporter gene con-
protein concentrations in the cell lysate were determined struct was constructed by subcloning the PAI-1 promoter
using the DC protein assay kit. region into pGL3-basic luciferase reporter plasmid.
HK-2 cells were seeded in a 6-well tissue culture plateFibrin zymography
at a density of 5  105 cells/well. The next day, the cells
HK-2 cells were seeded in 24-well tissue culture plates were transfected with the PAI-1 promoter-reporter gene
at a cell density of 2 104 cells/well. Two days after construct or pNFB-luc and the pRL-TK control vector
seeding, the cells were washed with D-PBS and incu- using lipofectin and OPTI-MEM. Twenty-four hours
bated in keratinocyte-SFM medium containing indicated later, the transfection medium was replaced with culture
amount of uremic toxins for 24 hours. The medium was medium and incubated further for 24 hours. Then, the
collected for the fibrin zymography. The medium (10L) indicated amount of indoxyl sulfate or indoleacetic acid
was resolved under nonreducing conditions on 5% poly- was added to each well and incubated for 16 hours. The
acrylamide gel electrophoresis (PAGE) gels embedded cells were lysed by the lysis buffer, and firefly luciferase
with 1 mg/mL fibrinogen. Gels were rinsed three times and renilla luciferase activities in the lysates were deter-
in 2.5% Triton X-100 for 30 minutes at room tempera- mined with a luminometer (Lumat LB9501, Berthold,
ture and then incubated in 50 mmol/L Tris-HCl, pH 7.4, Wildbad, Germany) using the dual-luciferase assay kit.
10 mmol/L CaCl2, and 200 mmol/L NaCl for 16 hours at
Electrophoretic mobility shift assay (EMSA)37C. Gels were stained with Coomassie blue, and areas
of fibrinolytic activity were visualized as transparent bands. After stimulating HK-2 cells with indoxyl sulfate for
3 hours in keratinocyte-SFM medium, the cells were tryp-
Northern blotting sinized and washed with PBS. The cells were suspended
HK-2 cells were seeded in 60 mm dishes at a cell in a buffer [10 mmol/L HEPES pH 7.6, 15 mmol/L KCl,
2 mmol/L MgCl2, 0.1 mmol/L ethylenediaminetetraaceticdensity of 5 105 cells/dish. Two days after seeding, the
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Fig. 1. Effects of uremic toxins of organic
anion species on cellular oxidative stress in
human renal proximal tubular cells (HK-2).
HK-2 were incubated in Dulbecco’s phos-
phate-buffered saline (D-PBS) containing 5
mmol/L d-glucose, 20 mol/L dihydrofluor-
escein diacetate, and an indicated amount of
uremic toxin for 60 minutes at 37C, and fluo-
rescence intensities were measured. Values
are mean 
 SD (N  8). *P  0.05 vs. non-
treated control.
acid (EDTA), 1 mmol/L dithiothreitol (DTT), 0.5 mmol/L with DIG using terminal transferase according to the
manufacturer’s instruction. The labeled probes (20 fmol)phenylmethylsulfonyl fluoride (PMSF), and 10 g/mL
leupeptin] and collected by brief centrifugation at 1000g. were incubated with the nuclear protein extract in a
binding buffer at 4C for 1 hour. After incubation, theThe cells were lysed in the same buffer containing 0.2%
NP-40 and centrifuged again. The nuclei were isolated protein DNA complexes were separated by 5% nonde-
naturing acrylamide gel electrophoresis. The proteinby suspending the pellet in a sucrose buffer (0.25 mol/L
sucrose, 10 mmol/L HEPES, pH 7.6, 15 mmol/L KCl, DNA complexes were transferred to a nylon membrane
by electroblotting and were detected using the DIG de-2 mmol/L MgCl2, 0.1 mmol/L EDTA, 1 mmol/L DTT,
0.5 mmol/L PMSF, and 10 g/mL leupeptin) and centri- tection kit.
fuging at 1000g. The nuclear protein was extracted by
Data analysissuspending the pellet in an extraction buffer (50 mmol/L
HEPES, pH 7.6, 400 mmol/L KCl, 10% glycerol, 0.1 Results are presented as means 
 SD. Student t test
was used for comparisons. A P value less than 0.05 wasmmol/L EDTA, 1 mmol/L DTT, 0.5 mmol/L PMSF, and
10 g/mL leupeptin) and incubating at 4C for 30 min- considered statistically significant. Each experiment was
utes. Insoluble materials were removed by centrifugation repeated at least four times.
at 700g for 15 minutes.
The NF-B sequence of the immunoglobulin gene was
RESULTS
used for the EMSA (5	-CCGGTCAGAGGGGACTTT
Effects of uremic toxins on cellular oxidative stressCCGAGACT-3	). EMSA was performed using the DIG-
gel shift kit as described previously [21]. Briefly, the The effects of organic anion species of uremic toxins
on oxidative stress were examined in HK-2. Indoxyl sul-double-stranded NF-B sequence was 3	-end–labeled
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Fig. 3. Hydroxyl radical formation in human renal proximal tubular
cells (HK-2) treated with uremic toxins. HK-2 cells were incubated in
600 L of Dulbecco’s phosphate-buffered saline (D-PBS) containing
5 mmol/L d-glucose and various concentrations of indoxyl sulfate or
indoleacetic acid at 37C for 1 hour. At the end of incubation, 30 L
of 300 mol/L 5,5-dimethyl-l-pyrrolyne-N-oxide (DMPO), a spin trap
agent, was added and incubated for another 10 minutes. Then, the
medium was subjected for electron paramagnetic resonance (EPR)
analysis.
Fig. 2. Characteristics of indoxyl sulfate–induced cellular oxidative
stress. (A) Effects of antioxidants on indoxyl sulfate–induced cellular
Table 1. Uptake of indoxyl sulfate and indoleacetic acid in humanoxidative stress. Human renal proximal tubular cells (HK-2) were incu-
renal proximal tubular cells (HK-2)bated in Dulbecco’s phosphate-buffered saline (D-PBS) containing
2 mmol/L indoxyl sulfate, 5 mmol/L d-glucose, 20 mol/L dihydrofluor-
Incubation time Indoxyl sulfate Indoleacetic acidescein diacetate, and an indicated amount of antioxidant for 60 minutes
minutes lg/L  106 cells lg/L  106 cellsat 37C, and fluorescence intensities were measured. Values are mean

SD (N  8). *P  0.05 vs. 2 mmol/L indoxyl sulfate–treated cells. 0 0.01
0.00 0.17
0.06
(B) Effects of transporter inhibitor on indoxyl sulfate–induced cellular 15 0.16
0.03
oxidative stress. HK-2 were incubated in D-PBS containing 2 mmol/L 30 0.31
0.01
indoxyl sulfate, 5 mmol/L d-glucose, 20 mol/L dihydrofluorescein di- 60 0.46
0.02 1.23
0.08
acetate, and an indicated amount of probenecid for 60 minutes at 37C, 60 (Probenecid 20 mmol/L) 0.23
0.02
and fluorescence intensities were measured. Values are mean 
 SD 60 (Probenecid 40 mmol/L) 0.08
0.01
(N  8). *P  0.05 vs. 2 mmol/L indoxyl sulfate–treated cells.
The HK-2 cells were incubated in 1 mL of Dulbecco’s phosphate-buffered
saline (PBS) containing 5 mmol/L d-glucose and 1 mmol/L indoxyl sulfate or
indoleacetic acid at 37C for an indicated time. The amount of indoxyl sulfate
or indoleacetic acid in the cellular extracts (10 L) was determined by high-
performance liquid chromatography (HPLC) analysis. Values are mean 
 SDfate and indoleacetic acid dose dependently increased
of N  4.cellular oxidative stress in HK-2 (Fig. 1A, B). Ortho-
hydroxyhippuric acid showed a weak inducing effect on
cellular oxidative stress at a higher concentration (Fig. 1C).
Other organic anions tested had no effect. The effects Cellular uptake of indoxyl sulfate and
of antioxidants and a nonspecific inhibitor of transporters indoleacetic acid
on the indoxyl sulfate–induced cellular oxidative stress
To investigate cellular uptake of indoxyl sulfate andwere then examined. Addition of an antioxidant, N-acetyl-
indoleacetic acid, we measured the cellular content ofcysteine or probucol, attenuated or abolished the induc-
these organic anions by HPLC analysis. Cellular contenting effect of indoxyl sulfate on cellular oxidative stress
of indoxyl sulfate or indoleacetic acid was significantly(Fig. 2A). Probenecid, a nonspecific transporter inhibi-
elevated in HK-2 cells incubated with 1 mmol/L of respec-tor, dose dependently reduced the indoxyl sulfate–induced
tive substances (Table 1). Cellular uptake of indoxyl sul-cellular oxidative stress (Fig. 2B). The EPR analysis
fate increased in a time-dependent manner. The uptakeshowed a typical spectrum of hydroxyl radical trapped
was inhibited by probenecid at concentrations compara-by DMPO in the cells treated with indoxyl sulfate or
ble to those of inhibited cellular oxidative stress. To in-indoleacetic acid (Fig. 3). A dose-dependent increase in
vestigate the activity of organic anion transporter inhydroxyl radical signal was observed in uremic toxin
treated cells. HK-2 cells, PAH transport activity of HK-2 was deter-
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Fig. 5. Antifibrinolytic activity induced by uremic toxins. Human renal
proximal tubular cells (HK-2) were incubated in keratinocyte-SFM
medium containing an indicated amount of uremic toxins for 24 hours.
The medium was collected for the fibrin zymography. The medium
(10 L) was resolved under nonreducing conditions on 5% polyacryl-
amide gel electrophoresis (PAGE) gels embedded with 1 mg/mL fibrin-
ogen. Gels were incubated in 50 mmol/L Tris-HCl, pH 7.4, 10 mmol/L
CaCl2, and 200 mmol/L NaCl for 16 hours at 37C and stained with
Coomassie blue. Areas of fibrinolytic activity were visualized as trans-
parent bands. (A) Effect of indoxyl sulfate. The cells were incubated
with the indicated amount of indoxyl sulfate for 24 hours. (B) Effect
of indoleacetic acid.
Fig. 4. Effects of uremic toxins on the expression of immunoreactive cells (Fig. 5). Induction of PAI-1 by uremic toxins may
plasminogen activator inhibitor-1 (PAI-1) antigen in human renal proxi- reduce fibrinolytic activity of the cells. To investigate the
mal tubular cells (HK-2). HK-2 were seeded in 24-well tissue culture
mechanism of PAI-1 induction, we performed Northernplates at a cell density of 2  104 cells/well. The cells were incubated
with indicated amount of uremic toxins for 24 hours. The amount of analysis. The Northern analysis showed that PAI-1
immunoreactive PAI-1 antigen in medium was determined by the PAI-1 mRNA up-regulation was observed from 3 to 6 hours
enzyme-linked immunosorbent assay (ELISA). Values are mean 
 SD
of indoxyl sulfate treatment (Fig. 6A). Densitometric(N  4). (A) Effect of indoxyl sulfate. (B) Effect of indoleacetic acid.
*P  0.05 vs. nontreated control. analysis revealed a 3.0 
 0.5-fold up-regulation (N  4)
of PAI-1 mRNA expression at 3 hours. Dose-dependent
PAI-1 mRNA up-regulation was observed in both in-
doxyl sulfate and indoleacetic acid–treated cells (Fig. 6 B
mined. Specific transport of PAH was observed in these and C).
cells. The activity was estimated to be 2.2
 0.7 pmol/mg
Effects of uremic toxins on NF-B activation andprotein/10 minutes when incubated with 10 mol/L
activation of PAI-1 promoterD-[3H]mannitol and 10 mol/L [14C]PAH. These results
Oxidative stress has been shown to activate NF-B toindicate that transporter-mediated uptake of indoxyl
change cellular functions [14]. Therefore, we tested thesulfate into HK-2 cells increases cellular oxidative stress.
effects of uremic toxins on NF-B activation. For this
purpose, we transfected HK-2 cells with the NF-B re-Effects of uremic toxins on PAI-1 expression
porter gene construct (pNFB-luc) and pRL-TK control
Uremic toxins that showed a potent-inducing effect of
vector. The NF-B reporter gene construct contains the
oxidative stress were studied for their effects on PAI-1 firefly luciferase gene downstream to four tandem copies
expression in HK-2 cells. Indoxyl sulfate and indoleacetic of NF-B consensus sequences and a minimal promoter.
acid induced expression of immunoreactive PAI-1 anti- After endogenous NF-B proteins bind to the enhancer
gen in a dose-dependent fashion (Fig. 4). To assess the element, transcription is induced to produce the firefly
effect of uremic toxins on fibrinolytic activity produced luciferase. Indoxyl sulfate and indoleacetic acid dose de-
by the cells, we performed the fibrin zymography. Both pendently stimulated luciferase activity in HK-2 cells
indoxyl sulfate and indoleacetic acid dose dependently (Fig. 7 A and B). The results of EMSA confirmed the
dose-dependent activation of NF-B in the nuclei of thereduced fibrinolytic activity in culture medium of HK-2
Motojima et al: Uremic toxins induce PAI-1 expression 1677
Fig. 6. Effects of uremic toxins on the expres-
sion of plasminogen activator inhibitor-1
(PAI-1) mRNA in human renal proximal tu-
bular cells (HK-2). HK-2 were seeded in
60 mm dishes at a cell density of 5  105
cells/dish. The cells were incubated with an
indicated amount of uremic toxins for the indi-
cated time period. The amount of PAI-1
mRNA was estimated by Northern blotting.
(A) Time-course experiment. The cells were
incubated with 2 mmol/L indoxyl sulfate for
indicated time period. (B) Effect of indoxyl
sulfate. The cells were incubated with the indi-
cated amount of indoxyl sulfate for 3 hours.
(C ) Effect of indoleacetic acid. The cells were
incubated with indicated amount of indoxyl
sulfate for 3 hours.
cells stimulated with indoxyl sulfate (Fig. 7C). Although organic anion species of uremic toxins stimulated cellular
not shown, an addition of excess unlabeled NF-B oligo- free radical production in HK-2 cells. Among them, in-
nucleotide (100-fold) abolished the signal of complex doxyl sulfate and indoleacetic acid showed the strongest
formation. stimulatory effect. The inducing effect of indoxyl sulfate
To investigate the role of NF-B in the oxidative on oxidative stress was abolished by antioxidants and a
stress–mediated PAI-1 mRNA up-regulation, we con- nonspecific inhibitor of transporters. Uptake of indoxyl
structed a reporter gene construct that contains the sulfate and indoleacetic acid by HK-2 cells was confirmed
PAI-1 promoter region (807 to 58 bp from the tran- by HPLC analysis. Thus, indoxyl sulfate and indoleacetic
scription initiation site) upstream to the firefly luciferase acid taken up by transporters have a potential to induce
gene by cloning PAI-1 promoter into pGL3-basic vector. cellular free radical production in HK-2. There was a
Indoxyl sulfate dose dependently activated the luciferase difference in inducing ability of oxidative stress between
gene under control of the PAI-1 promoter in HK-2 cells indoxyl sulfate and indoleacetic acid. Higher concentra-
(Fig. 8). tions of indoleacetic acid were required to induce oxida-
Involvement of oxidative stress–induced NF-B acti- tive stress in HK-2. The difference is not explained by
vation in the indoxyl sulfate–induced PAI-1 promoter the cellular uptake because the transport of indoleacetic
activation was assessed using an antioxidant and two acid was greater than indoxyl sulfate. Intracellular pro-
inhibitors of NF-B. Both the antioxidant (N-acetyl-cys- cess to induce oxidative stress may be different, although
teine) and inhibitors of NF-B (pyrrolidine dithiocarba- the exact mechanism remained to be studied.
mate and sodium salicylate) dose dependently inhibited Serum levels of indoxyl sulfate in patients with chronic
the pNFB-luc–derived luciferase gene activation induced renal failure were reported to be approximately 80 mol/L
by indoxyl sulfate in HK-2 cells (Fig. 9). The PAI-1 in undialyzed uremic patients, 360 mol/L in patients
promoter activation by indoxyl sulfate was also inhibited undergoing hemodialysis, and 250 mol/L in patients
by these inhibitors. These results suggest that oxidative
undergoing continuous ambulatory peritoneal dialysis
stress induced by indoxyl sulfate triggers the NF-B sig-
(CAPD) [6]. In the serum of patients with chronic renalnaling pathway to activate PAI-1 promoter.
failure, other organic anions, such as indoleacetic acid,
have been shown to be elevated [22, 23]. PAH transport
DISCUSSION assay showed that organic anion transporter activity in
HK-2 cells was about 1/100 of opossum kidney cells sta-In the present study, we studied the signaling pathway
bly transformed with human OAT-1 [9]. Cellular concen-of uremic toxins in organic anion form commonly present
tration of indoxyl sulfate of HK-2 treated with 1 mmol/Lin the serum of patients with progressive renal disease.
indoxyl sulfate for 1 hour was about 1/6 of the hOAT-1We confirmed that uremic toxins induce cellular oxida-
expressing cells. Thus, it is expected that higher concen-tive stress, namely, hydroxyl radical production, in HK-2
as we have observed in opossum kidney cells [9]. Some trations of uremic toxins are required to induce biologic
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Fig. 8. Activation of plasminogen activator inhibitor-1 (PAI-1) pro-
moter by indoxyl sulfate in human renal proximal tubule cells (HK-2).
HK-2 were seeded in a 6-well tissue culture plate at a density of 5 
105 cells/well and transfected with the PAI-1 promoter-reporter gene
construct and the pRL-TK control vector. The cells were treated with
indicated amount of indoxyl sulfate for 16 hours. Luciferase activities
in the cells were determined by the dual-luciferase assay kit. Values
are mean 
 SD (N  6). *P  0.05 vs. nontreated control.
quent injury in renal proximal cells were not substantially
different with those typically found in clinical conditions.
The present study also clarified the target molecule of
uremic toxins related to progressive renal disease. We
found that indoxyl sulfate and indoleacetic acid induced
expression of PAI-1 protein, PAI-1 mRNA, and anti-
fibrinolytic activity. An increase in PAI-1 expression in
tubular cells has been shown in a rat model of unilateral
ureteral obstruction [24], whereas less interstitial fibrosis
has been demonstrated in PAI-1–deficient mice after
unilateral ureteral obstruction [18]. The results of PAI-1–
deficient mice suggest that PAI-1 inhibits extracellular
matrix degradation, and recruits fibrosis-inducing cells,
such as myofibroblasts and macrophages. Therefore, it is
reasonable to speculate that uremic toxin–induced PAI-1
up-regulation in tubular cells contributes to tubulointer-
stitial injury in progressive renal disease.Fig. 7. Induction of nuclear factor-kappa B (NF-B) by indoxyl sulfate
in human renal proximal tubule cells (HK-2). HK-2 were seeded in a We also demonstrated that PAI-1 up-regulation by
6-well tissue culture plate at a density of 5  105 cells/well and pNFB- indoxyl sulfate is associated with cellular oxidative stress.
luc, and the pRL-TK control vectors were transfected. The cells were
PAI-1 up-regulation by radiation has been shown to in-treated with an indicated amount of indoxyl sulfate or indole acetic
acid for 16 hours. Luciferase activities in the cells were determined by volve cellular oxidative stress in renal tubular cells [25].
the dual-luciferase assay kit. Values are mean 
 SD (N  6). *P  Since activation of NF-B is often observed in cells ex-
0.05 vs. nontreated control. (A) Effect of indoxyl sulfate. (B) Effect of
posed to oxidative stress [14], we hypothesized that ure-indoleacetic acid. (C ) Electrophoretic mobility shift assay (EMSA).
After stimulating HK-2 cells with indoxyl sulfate for 3 hours, the nuclei mic toxin-evoked oxidative stress activates NF-B to
were isolated. The nuclear protein was incubated with the labeled up-regulate PAI-1 expression. In our experiment, in-
oligonuculeotide of NF-B sequence at 4C for 1 hour. After incubation,
doxyl sulfate and indoleacetic acid activated the NF-Bthe protein DNA complexes were separated by 5% nondenaturing
acrylamide gel electrophoresis. signaling pathway and also induced the luciferase gene
under control of the PAI-1 promoter in HK-2 cells. The
induction of PAI-1 promoter by indoxyl sulfate was abol-
reactions in HK-2 cells when compared with clinically ished by an antioxidant or inhibitor of NF-B. Thus, the
observed concentrations in uremic patients. Yet, the re- NF-B signaling pathway that is activated by the uremic
sults rather indicate that the concentrations of organic toxin–evoked oxidative stress contributed to the activa-
tion of PAI-1 promoter and subsequent PAI-1 proteinacids to induce production of free radicals and subse-
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macrophages and monocytes, which has been shown to
cause interstitial fibrosis. Thus, activation of NF-B trig-
gers many signaling pathways, including those for PAI-1
and chemokine induction, leading to renal fibrosis.
Oxidative stress has been proposed to cause tubuloin-
terstitial injury and progression of chronic renal disease.
The degree of tubulointerstitial injury has been shown to
correlate stronger with patient outcome than glomerular
injury [16]. The present study provided evidence that
oxidative stress produced by organic anion species of
uremic toxins in renal proximal tubular cells activates
the NF-B signaling pathway and up-regulates PAI-1,
which may contribute to tubulointerstitial fibrosis. Such
fibrosis-inducing mechanism by uremic toxins may con-
stitute important pathophysiology in the progression of
chronic renal disease.
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